Vascular endothelial growth factor (VEGF) expression pattern and blood vessel remodelling were evaluated during the transition from the preovulatory follicle to the corpus luteum (CL). To this end, prepubertal gilts were treated with equine chorionic gonadotrophin (eCG) to collect preovulatory follicles (60 h after eCG) and with human chorionic gonadotrophin (hCG) to obtain periovulatory follicles 18 h and 36 h later. The VEGF mRNA content was analysed by in situ hybridization, while protein localization in follicular fluid (FF) and in granulosa and theca compartments was evaluated by ELISA, immunohistochemistry or western blot. Blood vessel architecture and vascular area (VA) were investigated using immunohistochemistry for von Willenbrand Factor, a specific endothelial marker. Vascular remodelling was finally tested using Ki-67 immunocytochemistry as a proliferation marker, or -smooth muscle actin ( -SMA) as a specific mural cell marker. eCG-treated follicles showed high VEGF levels and two concentric blood vessel networks composed of proliferating endothelial cells without any association with mural components. hCG injection inhibited VEGF synthesis in the granulosa compartment and, as a consequence, the protein fell within the FF. In parallel, endothelial cell proliferation stopped and the VA decreased. Close to ovulation, VEGF production restarted in both follicular compartments and VEGF mRNA content significantly increased in the theca layer. Changes in follicular VEGF secretion were observed; the protein disappeared from FF and was observed in the extracellular matrix. An active angiogenesis characterized the follicle; endothelial cell proliferation was associated with a recruitment of -SMA-positive mural cells. The data presented in this work showed that, in the phases preceding ovulation, a complete vascular remodelling occurs, characterized by both an evident neovascularization and the appearance of blood vessels presenting smooth musculature which could be involved in CL formation after ovulation.
Introduction
Ovarian vasculature size and morphology undergo marked changes throughout the oestrous cycle (Bjersing & Cajander 1974 , Redmer & Reynolds 1996 . It has been reported that the regulation of ovarian angiogenesis is markedly dependent on the secretion of vascular endothelial growth factor (VEGF) , Greenaway et al. 2005 . This angiogenic growth factor seems to carry out in the ovary, as demonstrated in other tissues, three discrete roles in the control of vascular development: it is capable of initiating angiogenesis by promoting endothelial cell proliferation by chemoattraction (Fraser et al. 2000 , Tamanini & De Ambrogi 2004 , it maintains immature blood vessels viable (Goede et al. 1998) and it facilitates the process of pericyte recruitment as the final phenomenon of blood vessel maturation (Hirschi & D'Amore 1996 , Beck & D'Amore 1997 , Benjamin et al. 1998 , Israely et al. 2003 .
VEGF has been shown to be a critical molecule involved in the regulation of follicle development in different species (Barboni et al. 2000 , Mattioli et al. 2001 , Berardinelli et al. 2002 , Hunter et al. 2004 . Recent studies have shown that it exerts a crucial role during the transition from preovulatory follicles to ovulation , Zimmermann et al. 2003 but few data describe the production of VEGF during the passage from pre-to periovulatory follicles and what role it exerts. At the end of each ovarian cycle, in fact, dominant follicle(s), selected from a cohort of growing antral structures, undergo ovulation in response to the luteinizing hormone (LH) surge and, subsequently, ovulate and differentiate into corpus luteum (CL) (Greenwald & Terranova 1988) . Dramatic changes in follicular morphology and vasculature are associated with the luteinization process. Capillary endothelial cells, localized in the vessels of the internal theca, rapidly proliferate and invade the avascular granulosa layers (Shimoda et al. 1993 , Christenson & Stouffer 1997 , forming a widespread capillary network to supply the proliferating luteal cells. The rate of cellular division of the early developing CL is extremely high, comparable with that observed in aggressive tumours (Reynolds et al. 2000) . Consistent with this high CL growth rate is the rapid transition and reorganization of follicular into luteal vasculature. An increase in ovarian blood flow and hyperaemic changes, elicited by the LH surge, were first observed by Zondek et al. (1945) . Changes in ovarian and follicular microcirculation have been quantified more recently by using immunohistochemical approaches (Murdoch & Dunn 1983 , Abisogun et al. 1988 as well as transrectal colour Doppler ultrasonography (Acosta et al. 2003 (Acosta et al. , 2004 . This non-invasive technique allowed conformation of an impressive increase in the ovarian blood flow that starts during the periovulatory period and stabilizes in mature CL. The success of this process appears to be of vital importance for mammals, since the establishment and maintenance of pregnancy is strictly dependent on the development of a mature CL capable of producing high levels of progesterone (Hunter et al. 2004 , Stouffer 2004 .
Recent studies performed on rodents and primates have shown that CL formation is completely impaired by VEGF immunoneutralization obtained using soluble receptors or receptor-blocking antibodies , Zimmermann et al. 2003 .
If VEGF plays a crucial role even during the final phase of folliculogenesis, little is known of the local changes induced by this factor on follicle blood vessels after the LH surge. To this end, the present study was performed to describe the VEGF spatio-temporal expression pattern and the endothelial cell system involved in blood vessel remodelling during the periovulatory period in prepubertal gilts. In order to describe angiogenesis at a precise phase of follicle development (preovulatory and periovulatory periods), we have therefore adopted a validated hormonal treatment (Mattioli et al. 2001 , Shimizu et al. 2002 , Galeati et al. 2003 ) that induces follicle growth by using 1250 IU equine chorionic gonadotrophin (eCG) and stimulates ovulation with 750 IU human chorionic gonadotrophin (hCG).
The pig model was chosen for this research because of the long periovulatory interval (40-44 h) which facilitates the analysis of the temporal evolution of angiogenesis that precedes ovulation. Finally, in order to characterize the follicular vascular network, the recruitment of mural cells (i.e. pericyte or vascular smooth muscle cells) has been evaluated.
Materials and methods

Ovarian collection
Fifteen prepubertal Large White gilts weighing 90·7 5·2 kg (mean S.D.) were injected i.m. with a single dose of 1250 IU eCG (Folligon; Intervet, Boxmeer, The Netherlands) to promote follicular growth in 60-72 h. The dose of eCG used to stimulate follicular growth was chosen according to several reports (Mattioli et al. 2001 , Shimuzi et al. 2002 , Galeati et al. 2003 since it guarantees a slight superovulatory treatment (Knox 2005) . Ovulation was induced with hCG (Corulon; Intervet) treatment (750 IU, i.m.) carried out 60 h after eCG when more than 80% of the follicles have reached a preovulatory diameter (Barboni et al. 2000) , and have activated steroidogenesis (Mattioli et al. 2001) .
On the basis of the hormonal protocol, the treated animals were divided into three groups of five animals each, in order to obtain: preovulatory follicles, 60 h after eCG (control group), periovulatory follicles, 18 h after hCG and periovulatory follicles, 36 h after hCG.
Ovaries were recovered by laparotomy from anaesthetized animals by an injection of azaperone (6 ml/gilt; Stresnil; Janssen, Geerse, Belgium) and atropine sodium salt (2 mg/gilt; Industria Galenica Senese, Siena, Italy), and maintained under thiopenthal sodium (1·5 g/gilt; pentothal sodium; Gellini, Aprilia, Italy) anaesthesia (Barboni et al. 2000) . All protocols had prior approval from the Ethical Committee of the University of Teramo.
All the ovaries used in the present study showed a uniform follicular response in terms of follicle size and number.
One ovary from each animal, immediately after removal, was fixed in 4% paraformaldehyde/phosphatebuffered saline (PBS; pH 7·4) for 12 h at 4 C, dehydrated and embedded in paraffin wax. The contralateral ovary was collected to isolate single healthy follicles with a diameter >6 mm. The follicular wall obtained from each follicle was opened to collect follicular fluid (FF) and mechanically disaggregated to isolate the granulosa layer from the theca shells (Barboni et al. 2000 , 2004 , Mattioli et al. 2001 , Berardinelli et al. 2002 . FF, granulosa and theca samples were then individually frozen until western blot analysis.
VEGF assay
VEGF concentration in FF was quantified according to Barboni et al. (2000) , using a specific ELISA (Quantikine; R&D Systems, Minneapolis, MN, USA) developed for the quantitative determination of VEGF in cell culture supernatant, serum and plasma. In brief, this highly specific sandwich assay recognizes human VEGF 165 as well as VEGF 121 , whereas it exhibits negligible crossreactivity with all other cytokines/growth factors tested. A 96-well plate reader (Biomek 1000; Beckman Instruments, Fullerton, CA, USA) set to read at an emission of 450 nm was used to quantify the results. Since the VEGF kit was manufactured to detect human VEGF, a test of parallelism was carried out to investigate whether the assay could also be reliably used to measure pig soluble VEGF isoforms, such as VEGF 164 , which is the prevalent isoform demonstrated in porcine ovaries (Barboni et al. 2000 , Boonyaprakob et al. 2003 , Shimizu et al. 2003 . To this end, the standard curve generated with a highly purified Sf-21-expressed recombinant human VEGF 165 (R&D Systems; 0, 62·5, 125, 250, 500 and 1000 pg/ml) was compared with a curve that was obtained from a sample of pig FF diluted with the appropriate calibrator solution provided with the kit, in order to produce samples with values that fell within the dynamic range of the assay. The two curves were perfectly parallel, thus showing that the system does not reveal any major difference between human and pig VEGF. The minimum detectable dose of the assay, obtained by adding 2 standard deviations to the mean optical density value of 20 standard replicates and calculating the corresponding concentration, was equivalent to 5 pg/ml FF. Intra-and interassay precision, expressed as the coefficient of variation for replicate determinations of a pooled FF sample, were 5·6% (16 replicates) and 7·8% (eight replicates) respectively.
For each sample of FF analyzed the VEGF assay was performed in two replicates. The levels of VEGF in FF samples are expressed as ng/ml FF. VEGF results are finally presented as means S.D. of the single follicle analysis for each hormonal treatment.
Western blot analysis
Immunoblotting was performed with two different antibodies: the monoclonal anti-human VEGF 165 (dilution 1:500; R&D Systems) used in the ELISA and, in parallel, the polyclonal anti-human VEGF-Ab2 (dilution 1:80; Oncogene, San Diego, CA, USA). Human recombinant VEGF 165 (R&D Systems) as well as mouse recombinant VEGF 164 (R&D Systems) were used to identify the band of the angiogenic factor and to co-localize the porcine VEGF that has a similar molecular weight (Shimizu et al. 2003) .
Proteins were extracted from granulosa cells or theca layers of single follicles isolated from treated gilts or from CL (day 5-13) obtained from ovaries of untreated pigs collected at the slaughterhouse. Since the presence of VEGF 164 has been confirmed in porcine CL (Boonyaprakob et al. 2003) , proteins collected from pooled CL were used as the positive control.
Briefly, the tissues were transferred into 5 volumes of extraction buffer: 20 mM Tris-HCl, pH 7·5, 1% Igepal, 0·1% dithiothreitol, 2 mM phenylmethylsulphonyl fluoride, 2 mM sodium orthovanadate, 10 mM sodium fluoride, 10 µg/ml leupeptin, 10 µg/ml antipain and 100 units/ml aprotinin (as phosphatase and protease inhibitors) (all the products were obtained from Sigma) and homogenized in an ice bath with a tissue homogenizer. Five bursts of 15 s at maximum speed with 45-s intervals of cooling between each burst were applied. The homogenate was then centrifuged at 2000 g for 15 min at 4 C (Berisha et al. 2000) . The supernatant was recovered and an aliquot was used to evaluate the amount of proteins by the method of Lowry et al. (1951) .
Seventy-five micrograms of proteins were separated by 12% SDS-PAGE and then electrophoretically transferred to a nitrocellulose membrane (Hybon C Extra; Amersham Pharmacia, Piscataway, NJ, USA) for immunoblot analysis according to standard protocols (Towbin et al. 1979) . For protein detection, the membranes were incubated with the primary antibodies. As secondary antibody, peroxidase-conjugated anti-mouse or anti-rabbit immunoglobulins (dilution 1:4000; Santa Cruz Biotechnology Inc, Santa Cruz, CA, USA) were used. After the stripping procedures (60 mM Tris-HCl, pH 6·8, 2%SDS and 100 mM -mercaptoethanol at 60 C for 45 min), the filter was reprobed with a monoclonal anti-tubulin (dilution 1:5000; Sigma) and then with an anti-mouse secondary antibody. The signals were detected by using the ECL Western blot analysis system (Amersham Pharmacia). Seven different follicles/gilt were analyzed for the three hormonal treatments considered.
Quantitative data were determined as the mean ratio of the optical density of the specific bands normalized to that of -tubulin. The densitometric analysis was carried out with the Advanced Image Data Analyzer (Rai Test; GMBH, Straubenhardt, Germany). Finally, to facilitate the interpretation of the quantitative data, VEGF protein levels were expressed as a fold increase over the mean densitometric content of VEGF recorded in granulosa cells treated with eCG; this was arbitrarily set at 1.
Histological investigation and analysis of data
Serial paraffin sections of 5 µm thickness were collected on poly--lysine-coated slides (Sigma). For morphological and morphometric analyses, a series of 20 sections at a distance of 100 µm/ovary was used. Serial sections were subjected to: (a) haematoxylin-eosin (HE) staining to identify healthy follicles, to assess the stage of follicle development and to localize the red blood cells in the analyzed blood vessels; (b) immunohistochemistry for the endothelial marker, von Willenbrand Factor (vWF); (c) a double immunolabelling technique for vWF and VEGF; (d) a double immunolabelling technique for vWF and Ki-67 antigen, a cell proliferation marker (Garrett & Guthrie 1997 , Scolzen & Gerdes 2000 ; (e) a double immunolabelling technique for vWF and -smooth muscle actin ( -SMA), a molecular marker for mural cells (Hirschi & D'Amore 1996 , Redmer et al. 2001 , Israely et al. 2003 ; (f) in situ hybridization to VEGF mRNA (VEGF 164 ).
For each hormonal treatment considered, the analyses were carried out on at least three healthy large antral follicles/ovary per gilt. In more detail, a total of 18 preovulatory follicles and 20 and 24 periovulatory follicles isolated 18 h and 36 h after hCG treatment respectively were considered.
A qualitative analysis was performed for all double immunolabelling procedures. Slides were inspected with an Axioscop 2 plus (Zeiss, Oberkochen, Germany) epifluorescence microscope equipped with an Axiovision Cam (Zeiss).
Quantitative analysis on tissue sections was performed using an image analysis system linked to a Zeiss camera and the data were processed using a KS300 computed image analysis system (Zeiss), as previously described (Barboni et al. 2004) . In brief, sections were inspected at low magnification ( 100) to assess the stage of follicular development which was classified according to Wulff et al. (2002) .
In this study, only healthy large antral follicles (diameter >6 mm) were analysed. Follicles were considered as healthy if they contained a normal-shaped oocyte surrounded by granulosa cells regularly apposed on an intact basement membrane, with normal appearance of their nuclei (without signs of picnosis; HE staining). Follicles not fulfilling these criteria were classified as unsuitable for analysis. The follicular diameter was then identified with the cumputed image analysis system (KS300; Zeiss) set up to measure two diameters of the follicle sections at a right angle. The mean follicular diameter was calculated from these measurements. Furthermore, for each morphometric analysis performed, at least two sections/follicle were randomly chosen and the whole cross-follicular wall was analysed.
Immunohistochemistry vWF
The sections, after rehydrating, were kept in 2% hydrogen peroxide (Merck, Darmstadt, Germany) in methanol (Merck) for 5 min to remove endogenous peroxidase activity, and then washed with PBS. The slides were placed in citrate buffer (pH 6), antigen retrieval was performed by treating the sections in a hotbox oven (HO) at 95 C for 5 min twice, and then washing in PBS. After normal goat serum (NGS; Sigma) blocking for 30 min to avoid non-specific binding, sections were incubated with the rabbit anti-vWF (Dako, Glostrup, Denmark) diluted 1:400 in PBS/1% bovine serum albumin (BSA) at room temperature overnight (RT-O/N). As secondary antibody, biotinylated-conjugated anti-rabbit immunoglobulins (1:100 in PBS/1% BSA; Sigma) were used. The immunoreaction was visualized using the avidinbiotin complex method and then with the 3-3 diaminobenzidine-ammonium nickel sulphate method, according to Mattioli et al. (2001) .
Human breast carcinoma tissue samples (Weidner et al. 1991) , a kind gift from Dr De Carolis of the 'Giuseppe Mazzini' Hospital of Teramo, were used as a positive control. NGS was used as a negative control in place of primary antibodies.
To quantify the vascular area (VA) (i.e. vWF-positive cells), the section was measured at 400 magnification. The captured grey scale image was thresholded and converted to a binary image. The VA was then given by the extension of the vWF-positive area in µm 2 / 15 000 µm 2 theca. The whole area of the theca compartment and the vWF-positive area within the compartment were measured (Barboni et al. 2004) . The results are expressed as mean values S.D. for the number of follicles analysed within each follicular stage (Mattioli et al. 2001 , Berardinelli et al. 2002 , Barboni et al. 2004 .
VEGF-vWF
This double immunostaining was performed according to the method of Polak & Van Noorden (1997) . After inhibition of endogenous peroxidases and HO treatment, the sections were incubated first with NGS for 30 min and then with the rabbit anti-VEGF-Ab2 (Oncogene), the same antibody as that used in the Western blot analysis, diluted 1:10 in PBS/1% BSA at RT-O/N. As secondary antibody, biotinylatedconjugated anti-rabbit immunoglobulins (1:100 in PBS/1% BSA; Sigma) were used. This immunocomplex layer was detected using the TSA Fluorescein System (NEN Life Science Products, Hounslow, Essex, UK), according to the manufacturer's protocol. Furthermore, after washing in PBS, the same sections were incubated with NGS for 30 min and then with rabbit anti-vWF at RT-O/N. After washing in PBS, tissue sections were then processed with CY3-labelled secondary goat anti-rabbit antibody (diluted 1:100 in PBS and applied for 1 h; Sigma).
Human breast carcinoma tissue samples (Heffelfinger et al. 1999) were used as a positive control. NGS was used as a negative control in place of primary antibodies. The specificity of double immunostaining was verified by localizing each antigen separately. This double immunostaining was performed according to the method of Polak & Van Noorden (1997) . In order to identify proliferating endothelial cells after endogenous peroxidase inhibition and HO treatment, the slides were incubated with mouse anti-Ki-67 antibody at RT-O/N (clone MIB-1, diluted 1:75 in PBS/1% BSA; Dako). After biotinylated-conjugated anti-mouse immunoglobulins (1:100 in PBS/1% BSA; Sigma) the immunocomplex was detected by the TSA Fluorescein System (NEN Life Science Products). The same sections were then processed for vWF and visualized with fluorescent antibody as described above.
The tissue used as the positive control was a sample of human breast carcinoma (Bottini et al. 2001) . NGS was used as a negative control in place of primary antibodies. The specificity of double immunostaining was verified by localizing each antigen separately.
- SMA-vWF This double immunostaining was performed according to the method of Polak & Van Noorden (1997) . Mouse anti--SMA (diluted 1:500 in PBS/1% BSA; Oncogene) and rabbit anti-vWF (diluted 1:400 in PBS/1% BSA) were applied together at RT-O/N, after HO treatment. The tissue sections were then incubated with a mixture of differently labelled anti-rabbit and anti-mouse immunoglobulins: for the vWF immunocomplex layer a CY3-labelled secondary goat anti-rabbit antibody (1:100 in PBS; Sigma) was used while the -SMA immunocomplex layer was visualized by using a fluorescein isothiocyanate (FITC)-labelled secondary goat antimouse antibody (diluted 1:100 in PBS and applied for 1 h; Sigma).
According to the data sheet instructions, bovine aorta tissue collected at the slaughterhouse was used as the positive control. NGS was used as a negative control in place of primary antibodies. The specificity of double immunostaining was verified by localizing separately each antigen.
Tissue sections were counterstained with DAPI (Vectastain, Burlingame, CA, USA). Fluorescent staining qualitative analysis was performed by taking a micrograph of the three fluorescent dyes (FITC, CY3 and DAPI) for each section. Successively, the sections were re-stained with HE and micrographs of the same fluorescent fields were performed to identify and subtract the red cells within each blood vessel analysed.
In situ hybridization
In situ hybridization was performed with a commercially available kit (HybriProbe kit; Biognostik, Göttingen, Germany). A custom-synthesized oligonucleotide double-FITC-labelled cDNA probe for porcine VEGF 164 was obtained from Biognostik. The design process of the oligonucleotide sequence was based on accession no. X81380 (porcine mRNA for VEGF). The probe sequence (5 -3 ) was as follows: 5 -CAC GTC TGC GGA TCT TGT ACA AAC AAA TGC-3 (Barboni et al. 2004) .
Ovarian tissue sectioning was performed in RNasefree water at 7 µm, as suggested by the Biognostik HybriProbe kit manual, and then sections were mounted on poly--lysine-coated slides, dewaxed and rehydrated. Quenching of endogenous peroxidase was performed by 3% H 2 O 2 in PBS for 10 min and then tissue sections were treated with proteinase K (20 µg/ml in 50 mM Tris-HCl (pH 7·4) containing 50 mM EDTA and 10 mM NaCl) for 15 min at 37 C. Sections were prehybridized for 4 h at 30 C with 25 µl hybridization buffer supplied with the probe. The sections were then hybridized overnight at 30 C with the cDNA probe at 60 pmol/ml in hybridization buffer. Post-hybridization washes included 2 5 min in 1 SSC and 2 15 min in 0·1 SSC at 39 C (Barboni et al. 2004) .
The FITC-labelled probe was detected using the TSA Fluorescein System (NEN Life Science Products), as described above. As the negative control, sections were treated with a random double-FITC-labelled oligonucleotide probe containing the same proportion of cytosine and guanine bases as the VEGF probe supplied by the manufacturer.
In situ hybridization quantification was carried out by counting the number of positive cells within the outlined compartment of interest. To identify the VEGF mRNAexpressing cells the sample was measured at 400 magnification, the image was then captured in grey scale, thresholded and converted to a binary image, and the results are expressed as positive cells per unit area (15 000 µm 2 ) calculated individually for theca and granulosa compartments, according to Barboni et al. (2004) . VEGF mRNA expression was calculated as a mean value S.D. for the number of follicles assessed within the different hormonal treatments (Barboni et al. 2004) .
Statistical analysis
The quantitative data obtained from the different hormonal treatments were assessed by the Kurtosi test. Successively, the values were compared using ANOVA and Student's t-test, and were considered significant when P<0·05.
Results
Ovarian response to hormonal treatment
The population of follicles isolated from treated ovaries of prepubertal gilts displayed a uniform response as previously described (Barboni et al. 2000) . In fact, 60 h after eCG treatment the mean number of large antral follicles (diameter >6 mm) recorded was 20·98 4·05/ animal (means S.D.). In hCG-stimulated gilts the mean number of large antral follicles (diameter >6 mm) recruited was 23·15 3·71/animal and 24·68 6·01/ animal at 18 h and 36 h later respectively.
VEGF in FF
Administration of hCG induced a progressive reduction of VEGF levels in the FF that fell from values of 11·45 2·01 ng/ml (60 h after eCG, n=34) to 0·40 0·28 ng/ml (n=31, P<0·05) and undetectable levels (not defined, n=29) at 18 h and 36 h after hCG respectively.
VEGF immunoblot analysis
As shown in Fig. 1 , the immunoblot analysis performed with the antibody utilized previously for the ELISA revealed that granulosa cells in the control group (60 h after eCG) showed similar VEGF levels to those present in theca layers. Administration of hCG (periovulatory follicles 18 h after hCG) induced a transient and significant decrease (P<0·05) in protein content in granulosa layers followed, 36 h later, by a new accumulation of VEGF (P<0·05).
Unchanged VEGF levels in the theca layers were recorded 18 h after hCG injection vs the control group, while high levels of the protein (P<0·05) were revealed close to the time of ovulation. A similar VEGF pattern was obtained by re-probing the filters with the VEGF polyclonal antibody.
In situ hybridization
In preovulatory follicles, VEGF mRNA was recorded in approximately 90% of granulosa cells (19·65 4·61 cells/unit area). hCG administration did not change the VEGF mRNA content in the granulosa layer where 16·98 5·99 and 20·50 8·71 positive cells/unit area were recorded 18 h and 36 h later respectively (Fig. 2) .
In preovulatory follicles (60 h after eCG), only a few theca cells were hybridized to the probe (3·95 2·59 cells/unit area), while VEGF mRNA-positive cells progressively increased after hCG treatment. In detail, 6·40 3·85 (P>0·05) and 18·33 6·32 (P<0·01) positive theca cells/unit area were recorded 18 h and 36 h after hCG stimulation respectively (Fig. 2) .
vWF labelling
Blood vessels architecture is illustrated in Fig. 3 and quantified in Fig. 4 . Preovulatory follicles have two concentric networks connected to each other by anastomotical vessels: an inner one laying directly on the basal membrane and an outer network localized within the external theca.
The total VA recorded was 6746·17 1339·72 VA/ field area, and the outer network accounting for most of the area was 3863·71 799·56 VA/field area. Eighteen hours after hCG administration, the follicles showed a marked decrease in the extension of the total VA (3822·13 828·74 VA/field area, P<0·05) caused by a dramatic decrease in the outer network (1068·96 175·64 VA/field area, P<0·01).
Close to ovulation (36 h after hCG), the total VA significantly increased again and reached an extension higher than that recorded in preovulatory follicles (8623·70 2983·01 VA/field area, P<0·01). While the inner network was unaltered (2859·26 275·85 VA/ field area, P>0·05), the outer network reached approximately 60% of the total VA (5764·44 1001·64 VA/field area, P<0·01).
vWF and VEGF
The double-labelling procedure allowed us to identify endothelial cells (vWF-positive cells; red stain), VEGF protein (green stain) and to co-localize both molecular markers (yellow stain) (Fig. 3) . Preovulatory follicles showed the endothelial cells organized in two concentric networks, and displayed VEGF immunopositivity in the majority of granulosa cells and in the theca layer. No cells co-localized both markers.
Eighteen hours after hCG, the follicular wall displayed an inner network and a reduced outer one. The cellular VEGF content fell in both follicle compartments while the protein started to be accumulated in the extracellular matrix of the theca layer. In the theca compartment, single large cells that co-localized vWF and VEGF without any relationship with blood vessels were observed.
Thirty-six hours after hCG, a profound vascular reorganization was observed: the anastomotical vessels, running in the projections toward the antrum cavity of inner theca, increased their lumina. For the first time, large blood vessels appeared in the follicle wall. Cells of the inner microvasculature close to the basal membrane, as well as of the outer network, co-localized VEGF and vWF.
vWF and Ki-67
The simultaneous staining for vWF (red stain) and Ki-67 (green stain) was used to identify the proliferating endothelial cells during the different follicular stages (Fig. 5) . Preovulatory follicles displayed proliferating endothelial cells either in the inner or in the outer vascular network. In fact, some vWF-positive endothelial cells simultaneously showed nuclei labelled with Ki-67. Periovulatory follicles, 18 h after hCG, displayed a reduced extension of the total VA, and a low proliferating status of the endothelial cells. Moreover, single round cells that co-localized Ki-67 and vWF were occasionally recorded in theca layers. Close to ovulation, dual-stained cells were observed either in the microvessels of the inner network or in the large blood vessels of the outer one.
vWF and -SMA vWF (red stain) and -SMA (green stain) doublelabelling procedure was performed in order to classify the follicular blood vessels (Fig. 6) . In pre-and a The VEGF value recorded 18 h after hCG was significantly different from the other hormonal treatment in the granulosa compartment (P,0·05).
b The VEGF value recorded 36 h after hCG was significantly different from the other hormonal treatment in the theca compartment (P,0·05). *The VEGF value recorded in the theca layer 18 h after hCG was significantly different from the level of the protein recorded in the granulosa compartment (P,0·05). **The VEGF value recorded in the theca layer 36 h after hCG was significantly different from the level of the protein recorded in the granulosa compartment (P,0·05). a.u., arbitrary units. periovulatory follicles, 18 h after hCG injection, endothelial cells did not co-localize -SMA either in the inner or in the outer vascular networks. Only large vessels that run out of the external theca displayed a mural -SMA positivity. Some single cells in the wall of periovulatory follicles 18 h after hCG displayed double staining for vWF and -SMA.
The vascular organization was profoundly modified 36 h after hCG stimulation. In fact, the inner blood vessel network displayed vWF-positive cells that co-localized -SMA. These cells are in direct contact with the underlying endothelial cells. Moreover, -SMA-positive endothelial cells were observed in the large blood vessels of the outer network; in addition, widespread -SMA immunopositivity was recorded at their periphery.
Discussion
The present research was performed to study the spatio-temporal expression pattern of VEGF in parallel with the analysis of endothelial cell proliferation and reorganization in order to understand the role exerted by this angiogenic factor in pig ovarian follicles after the LH surge. These data indicated for the first time that hCG treatment induces a new window of plasticity of blood vessel architecture in periovulatory follicles.
During the early hours after hCG, antral follicles showed a dramatic reduction in VEGF synthesis in the granulosa compartment accompanied by a parallel arrest of endothelial cell proliferation. As a consequence, a reduction in blood vessel extension was recorded, in agreement with a similar vascular remodelling observed by Cavender & Murdoch (1988) in sheep. However, the reduction of the follicular VA was not generalized and did not involve the inner network. The persistence of the inner capillary network is of vital importance for the follicles (Moor & Seamark 1986 , Barboni et al. 2000 , Mattioli et al. 2001 since it must guarantee a correct trophic supply of oxygen and metabolites to the avascular granulosa compartment and to the germinal cell. This role, hypothesized in the past by Moor & Seamark (1986) , has recently been confirmed by the evidence that the follicular vasculature and the dissolved oxygen content in FF are positively related to oocyte developmental competence in humans (Sutton et al. 2003) .
The inhibitory effect of the LH surge on the follicular VEGF content seems to be dependent on the progressive reduction of VEGF synthesis and secretion. Immunohistochemistry and Western blot analysis performed 18 h after hCG treatment revealed, in fact, a significant reduction in protein level in the granulosa layer. Nevertheless, VEGF mRNA content remained unchanged in the granulosa layer thus suggesting, as demonstrated in other tissue models, a post-transcriptional regulation of VEGF expression that occurs at the level of splicing, mRNA stability and translation (Neufeld et al. 1999) . This modality of regulation has also been suggested in macaque granulosa cells, where a similar divergence in VEGF mRNA expression and protein production was observed (Hazzard et al. 1999) . Moreover, since VEGF mRNA maintains a high level of stability within tissues (Neufeld et al. 1999) while the protein content is very variable in the ovarian follicles, a possible contribution of protein turnover, as well as the relative process of secretion that appears to be clearly dependent on gonadotrophin stimulation, cannot be excluded. In fact, VEGF levels in FF fell in periovulatory follicles after hCG stimulation. The LH/hCG surge, in addition, was able to modify the pattern of VEGF secretion in the follicular compartments. The angiogenic factor progressively disappeared from the FF and started to be accumulated in the extracellular spaces amongst theca and granulosa cells. This observation seems to suggest a different solubility of the protein secreted in the periovulatory phase. The production of VEGF isoforms with high molecular weight (i.e. VEGF 189 ), characterized by a lower solubility, could explain these results, as demonstrated in the endometrium when it is stimulated by a modified steroid milieu (Ancelin et al. 2002) . In addition, it cannot be excluded that a change in the local heparin concentration or in the composition of cell surface heparan sulphate may condition VEGF bioavailability in the follicle (Robinson & Stringer 2001) .
These periovulatory follicles displayed single cells characterized by an active status of proliferation that co-expressed vWF, VEGF and -SMA. On the basis of their positivity these cells could be identified as mural cells (Gordon et al. 1996 , Murata et al. 1996 , Redmer et al. 2001 . These cells appeared in the follicular wall for the first time. The blood vessel network recorded in preovulatory follicles is, in fact, composed of a homogenous web of endothelial cell tubes without any association with mural components.
In other tissues, such as the retina, the vasculature was initially organized in the endothelial plexus without pericyte coating and Benjamin et al. (1998) hypothesized that this interval determines a plasticity window for the vasculature to be remodelled and adjusted to the physiological needs of the tissue. Actually, the preovulatory follicle may be considered as a transitory structure whose morphological and functional evolution is strictly related to the LH surge. In addition, this transient stage of vascular immaturity may represent a prerequisite for blood vessel remodelling in periovulatory follicles.
The presence of mural cells in periovulatory follicles raises two important questions: what is the source of mural cells and what is their role during follicular development?
Despite increasing reports suggesting that mural cells are involved in maturation, remodelling and maintenance of the vascular system, little is known about their origin and recruitment. It has been hypothesized that mural cells are generated by in situ differentiation of mesenchymal precursors at the time of endothelial sprouting (Nehls et al. 1992) . Other studies using an Figure 5 A representative example of double immunohistochemical localization of the endothelial cell marker, vWF (red stain) and of the cell proliferation marker, Ki-67 antigen (green stain). Nuclei were counterstained with DAPI (blue stain) to visualize the tissue morphology and to identify the follicular compartments (G=granulosa compartment; TI and TE=inner and outer theca compartment respectively). The analysis was carried out on (A) preovulatory follicles (60 h after eCG, n=18) and periovulatory follicles isolated (B) 18 h (n=20) and (C) 36 h (n=24) after hCG. Arrows and arrow heads indicate endothelial cells that co-localized Ki-67 in the inner and outer networks respectively. Bar=75 µm.
'in vitro angiogenesis system' have suggested that pericytes are formed by migration and de-differentiation of arterial smooth muscle cells (Nicosia & Villaschi 1995 ). In our model, the mural cells recruited after the LH surge seemed to migrate into the follicular wall without any apparent association with pre-existing capillaries or vascular vessels.
Four to eight hours before ovulation (36 h after hCG) the follicular wall displayed a rapid and dramatic neovascularization. In parallel, theca and granulosa compartments started to synthesize new VEGF and to accumulate high levels of the protein within the extracellular matrix. During this final phase of follicular development, VEGF synthesis seems to involve both follicular compartments, while VEGF mRNA expression significantly increased only within the theca layer.
In order to understand the role of VEGF on the control of ovarian angiogenesis, a detailed investigation of both soluble and membrane-embedded receptors is required. Actually, the expression and localization of pig VEGF receptors have been analyzed during the follicular growth phase (Shimizu et al. 2002) and in CL (Boonyaprakob et al. 2003) . No information, on the contrary, is available during the transition from the preovulatory to the periovulatory follicular stage.
In periovulatory follicles, high expression of VEGF was correlated with the presence of blood vessels characterized by a high degree of endothelial cell proliferation associated with the appearance of a large number of endothelial cells that co-expressed VEGF or -SMA in the inner and outer networks. The mural cells showed a different destiny in the two networks. On the basis of -SMA and vWF coexpression (Nehls et al. 1992 , Redmer et al. 2001 and their location within microvessels, mural cells distributed along the inner network can be classified as pericytes (Nehls et al. 1992) . As shown in other tissues, pericyte processes penetrate the basement membrane to directly contact the underlying endothelium and, in a reciprocal manner, endothelial processes penetrate into the pericytes (Tilton et al. 1979) as also observed in the inner network of periovulatory follicles.
This observation seems to confirm previous reports by Redmer et al. (2001) that demonstrated the presence of pericytes during the transition from follicle to CL in the sheep. They revealed that pericytes are the first cells to Figure 6 A representative example of double immunohistochemical localization of vWF (red stain) and of -SMA, the smooth muscle actin/mural cell antigen (green stain). (A) preovulatory follicles isolated 60 h after eCG (n=18) and periovulatory follicles isolated (B)18 h (n=20) and (C) 36 h (n=24) after hCG. Nuclei were counterstained with DAPI to visualize the tissue morphology and to easily identify follicular compartments (G=granulosa compartment; TI and TE=inner and outer theca compartment respectively). The insert panels visualize cells that co-localized -SMA and vWF. Arrows and arrow heads indicate endothelial cells that co-localized -SMA in the inner and outer networks respectively. Bar=150 µm. Insert panel: bar=35 µm.
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www.endocrinology-journals.orgmigrate into the follicular cavity from inner vessels after ovulation. With their ability to secrete VEGF these cells may contribute to the angiogenic process in the early CL (Redmer et al. 2001) .
On the contrary, the mural cells observed in the outer network further differentiated into vascular smooth muscle cells, thus contributing to the structure of larger blood vessels that, for the first time, were detected in the typical theca projections toward the antrum. Vascular architecture was completely reorganized before ovulation. An active process of endothelial cell proliferation, recorded 36 h after hCG injection, increased the extension of the follicular blood vessel network and supported the development of large vessels in the theca, classifiable as arterioles or venules. The presence of smooth muscle in the vasculature in the theca compartment suggests that the nervous system or local mediators may contribute to the control of ovarian function by modulating follicle wall blood flow. This intense and rapid vascular remodelling, recorded a few hours before ovulation, was temporally associated with a resumption of VEGF production in both theca and granulosa compartments.
The present work confirms that, in the pig, hCG stimulation inhibits VEGF (Barboni et al. 2000) . However the re-activation of VEGF started again some hours before ovulation. This wide blood vessel remodelling, revealed by the combined spatio-temporal description of the VEGF expression pattern and the analysis of endothelial cell organization, may have a crucial importance for follicle ovulation and successful CL formation. In fact, several reproductive pathological syndromes have been correlated to an abnormal expression of VEGF. In particular, high levels of VEGF are involved in the pathogenesis of ovarian hyperstimulation and polycystic ovary syndromes (Ferrara et al. 2003) . In addition, low production of VEGF can generate infertility as demonstrated in some conditions of anovulation or early pregnancy loss (Geva et al. 2000) .
